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REFUELING CONSIDERATIONSFOR L:OUID-HYDROGEN FUELED VEHICLES*

Walter F. Stewart

Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRACT

Liquid hydrogen is a possible fuel for transportation applications in the

future. Such use of liquid hydrogen will require a refueling station analo-

gous to today’s s~rvice station for gasoline and diesel fuels. The cryogenic

natcre of liquid hydrogen and concerns for safety indicate the desirability of

a refueling system that is automated as completely as possible and incor-

porates sufficient redundancy for safe and reliable operation. A refueling

system designed on the basis of previous experience with liquid hydrogen trans-

fer systems has been devel~ped, and a preliminary system has been built and

tester). A series of tests was conducted to determine the extent of the liquid

hydrogen losses during a refueling operation and to determine optimum transfer

procedures and conditions.
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●Work performed under the auspl~es of the U.S. Department of Energy.
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INTRODUCTION

The widespread

eral major aspects

use of hydrogen

that include:

as a transportation fuel will involve sev-

0

●

0

0

0

0

a primary energy source to produce hydrogen (hydrogen is an

energy carrier, not an energy source);

a ~ydrogen production capability;

a hydrogen storage

faction capability

an engine designed

and distribution capability (a hydrogen lique-

may be included);

or converted for operation with hydrogen;

a vehicular onboard storage capability;

safety, economic, and legal considerations.

Each of these major aspects is being, or has been, addressed in varying de-

grees. This paper will present some

hydrogen-fueled vehicles (LHFVS) for

considerations for the metal hydride

where, Refs. 1 and 2, for example.

refueling considerations for liquid-

ground transportation systems. Refueling

onboard storage mode have been given else-

Hydrogen-fueled vehicles (HFVS) require a place and means analogous to to-

day’s gasoline service station for refueling. Because a variety of onboard

stordge systems, such as compressed gas, metal hydrides, and liquid hydrogen

(LH2) dre likely to be used, a typical service station will be required to

service more than one type of onboard storage ur~+t. AL ~wsent, each of the

projects involving a HFV has developed its own system for refueling the ve-

hicle; however, the widespread use of hydrogen as a vehicular fuel will re-

quire that the refueling aspect be addressed more gcnerall$ and in detafl t~nd

that the refueling station be %tandardfzcd as -Nch as possible.

Onboard storage of hydrogen as a liquid Is applicable to all types of

transportation systems: aircraft, ship, tra

.,.
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Refueling systems for these various transportation modes will have many comon

elements; consequently, the considerations presented herein will have a broad

application. In fact, present and previous programs involving the handling

and use of LH2 provide valuable experience applicable in the design and op-

eration of LH2 refueling staticns for ground transportation vehicles, as for

examples, the National Aeronautics and Space Administration (NASA) experience

3,4
in the Centaur-, Apollo, and Space Shuttle prorams and the considerations

by NASA5’6 and Lockheea7 for refueling LH2-fueled aircraft
,.

Some of the earliest considerations f~r refueling LHFVS includes those by

Stewart a~d Edeskuty.
8-1o

However, the Deutsche Forschungs- und

Versuchsanstalt ftirLuft- und Raumfahrt (DFVLR) of the Federal Republic of

Germany (FRG) was the first to build a special “fueling station” system for

reflieling LHFVS from conventional LH2 storage facilities. The DFVLR has

built two such refueling stat+ons: the first for use in the DFVLR program in

t$e FRG and the second for use in a jcint program with the Los Alamos National

Laboratory. The DFYLR refueling concept used in these two refueling stations

will be described briefly in this paper: a more detailed description may be

found in numerods publications (Refs. 11-15, for example). But first, some of

the design considerations for a LH2-refuellng station will be discussed.

LH2 REFULLING SYSTEM DESIGN CONSIDERATIONS

A LH2-refueling staticn must include a bulk LH2-st.orage system, a

tranzfer system for both vehicle refueling and bulk resupply, instrumentation,

controls, safety equipment, ~nd such ~ncillary equipment as a gaseous-hydrogon

(GH2) recoverv (or safe dispowl) system. Two options ~re available for -

supplying LH2 to the refueling station: (1) deliver Lli2 to the station by

.,.
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pipeline, railcar, or truck/trailer; and, (2) liquefy the hydrogen on-site,

with GH2 either generated on-site or delivered to the station by gas pipe-

line. The transfer OT Lii2 from the bulk storage system to the Onbcdrd fuel

tank can be nladeby either a pumped or pressure-differential transfer. Also,

provisions for a mobile refueling system may be required for the remote re-

fueling of, or removal of fuel from, vehicles away from fixed-loc~tion refuel-

ing stations. For large-scald uses, such as refueling airplanes or buses, the

refueling system may involve the continuous circulation of LH2 thro~gh the

5,16
system.

During a LH2 transfer from a supply tank to a receiving tank using

either a pressure-differential or a pump method, some amount of LH2 is vapor-

ized and/or

o

0

0

@

●

0

lost as a result of the following processes:

flashing of the saturated liquid in the supply tank to the lower

pressure of the receiving tank (pressure-di fferentia~ method);

addit~on of heat as pump-work and other heat leaks associated

with a pump (pump method);

cooldown of the supply-tank pressurization gas (hydrogen or

helium), if any;

cooldown of the transfer lines, refueling station, and receiving

tank (if initially warm);

warm gas fronlthe transfer lirleentering the receiving tank and

vaporizing piirt,or all, of any L117remaining in the tank from

a previous fill;

heat leak thraugh supports, connuctlons (such as bayone-.s), and

thcrrnalinsulation--in-the storage tank, the receiving tank, the

refueling station, and the transfer lines; and

liquid entrainment In the vent gas from the receiving tank.

...

tj.



The transfer system must be designed to minimize LH2 losses from these pro-

cesses. The extent of some of these losses is design-related; for example,

the LH2 loss from liquid entrainment in the vent gas depends upon the design

and interface conditions of the fill and vent lines in the receiving tank;

consequently, this loss may be avoided in a suitably designed tank.

Several of the loss modes are interrelated. For example, a transfer line

with a large inside diameter would permit a larger LH2 flow rate with less

pressure in the supply tank. However, the larger inside diameter would result

in a higher initial LH2 vaporization to cool the increased mass of material;

but, compensating for this, the LH2 vaporization from flashing could be re-

dL,ced by operating the storage tank at a lower pressure becwlse flOW-resistance

is reduced.

Some of the losses associated with a pressure-differential transfer may be

avoided by using a pump to transfer LH2 from a storage tank to d receiving

tank. However, the use of a pump introduces other problems, such as the need

to keep the pump submerged in LH2 (no gas) and the additional heat leak from

the pump. In addition, a pump transfer system is less reliable, more diffi-

cult to operate, and more expensive than a pressure-differential transfer sys-

tem. Some of these losses will be reduced for refueling after an initial

fueling, depending on the time interval between the fueling operations.

As a general rule, the onboard vehicle LH2 storage dewar (VLHD) must

operate at a pressure greater than the ambient atmospheric press(~re to prevent

air from entering the system (if there is a leak in the system) and to deliver

hydrogen to the engine. Some of the factors involved in determining the mini-

mum and the norms} operating pressures for an onboard storage tank include

0 the minimum hydrogen pressure required at the engine,

● the pressure drop

to the eng!ne,

in the hydrogen delivery system from the tank

-f5-



o potential elevation and

o operating tolerances in

Most of these factors require only a

barometric pressure changes, and

the pressure sensing and control systems.

modest positive pressure level. For

e~ample, the engine fuel systems used in the LH -fueled Buick at Los .!lamos
2

required a normal operating pressure of at least 68.9 kPa at the hydrogen reg-

ulator inlet to maintain proper vehicle performance. Consequently, the re-

fueling system and the onboard storage tank should include provisions for

maintaining the minimum, and supplying the normal, operating pressures when-

ever LH2 is tanked. At the conclusion of a refueling operation, the normal

tank operating pressure should be established to avoid a delay in vehicle

restart.

A major concern in the design and operation of a refueling station will

involve safety. Past experience gained in the desigr., installation, and opera-

tion of LH2 systems
3,11,12

will have a major influence on future systems.

For example, a published assessment of mishaps involving hydrogen4 provides

pertinent design information for future systems. A knowledge of the safety

problems involved in an operation of a system is the first step in overcoming

or avoiding many potential problems. Such safety considerations in the design

and operation of a Ltl,refueling station include:

o

0

●

o

0

e

@

o

L

safety during refueling and resupply;

safety devizes, safety clothing, and protective equipment;

safety inside the service station during vehicle maintenance;

consequences Of ‘H2 spills in, or neat , an inhabited area;

hydrogen detection and warning system;

fire .protection system;

vandalism and sabotage protection;

electrical equipment isolation;

....
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The

view of

suggest

sible.

● lightning protection;

● electrical grounding system;

● periodic maintenance and inspection of equipment;

G purging and cleanliness requirements; and

● personnel training program in safe system operation, leak

testing, etc.

cryogenic nature of LH2 and the concerns for safety (especially in

the eventual need for operation by personnel with minimal training)

that the refueling system should be automated as completely as pos-

A computer-controlled system with sufficient redundancy for safety and

reliability in all aspects (including sensing and control) may be necessary to

provide protection from the most common cause of mishaps--operator error.

Even well-trained personnel offer no absolute guarantee of a safe operation:

anyone can become lax in performing an often-repeated task. A distraction or

an invalid assumption (for example, a valve that is normally closed is assumed

to be closeu and is not checked) can cause an unsafe condition or operation,

The combi,lation of automatically controlled equipment, well-trained personnel,

periodic inspection and maintenance, and periodic training sessions are major

ways of establishing and maintaining a safe operation.

That safety must be an integral part of the development of hydrogen as a

transDort.ation fuel is exemplified by the Hydrogen Safety Program of the

National Research Council of Canada, which includes a study of a “liquid hy-

drogen filling station” with the goal of providing design glJidanCe for such an

16-18
installation.

. .. . - .- .

DFVLR REFUELING STATION (DRS)

The refueling station built by the DFVLR for a joint program with LfieLos

.....
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Alamos National Laboratory wa~ about the size of an ordinary gasoline -servicti-

station pump, was semiautomatic in operation, and was designed to be operated

by personnel with little or no special training. The DRS is shown in Fig. 1

in operation at the 53-k E LH2 storage facility at Los Alamos, and in Fig.

2 with a 500- L LH2 storage dewar.

The DRS semiautomatic refueling procedure proVlded a “step and checl.”

operation with automatic stops and alarms if discrepancies in

were detected. The operator performed several manual steps:

electrical ground wire anl the fill and return lines from the

the procedure

(1) connect the

DRS to the VLHD;

(2) press the “Refueling On” button; (3) open the fill and return valves on

the VLHD; (4) close the fill and return va:ves; (5) press the “Tank Valves

Closed” button; and (6) disconnect the fill and return lines and the electri-

cal ground wire. The DRS controlled other functions, such a> purging and

starting and stopping the LH2 transfer.

As part of a joint program between the DFVLR and the Los Alamos Aational

Laboratory, a series of tests was conducted at Los Alamos

extent of the LH2 losses during a refueling operation and

to determine the

to detarmine opti-

19
mum transfer procedures and conditions. In these tests, the pressure in

the LH7 supply dewar was varied from 22.7 to 172.4 kPa gauge. The corre-
..

spondinq transfer times ?anged ,.om 48 to 9 min. to fill the 11O-L dewar

the vehicle. The LH2-transfer losses in these tests did not change signif

n

cdntl.y as a function of the transfer time (which was dependent on the transfer

pressure and flow rate). Refueling efficiencies* of 73 to 93% were obtained

in these tests; the lower efficiency was for filling a warm VLHD and the

higher efficiency was for fill.inga cold VLHD without using the DRS. .

*The refueling efficiency is defined as the amount of LH2 accumulated in the

VLHfIdivfded by the total amount removed from the BLHSD.
. ....
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In a typical filling test of a cold VLHD without the DRS, 8.7L !3fLH2

was lost (vaporized). Of this amount it was estimated, on average, that 0.8

L was vaporized as a result of heat leak into the system, 1.9 L was vapor-

ized in cooling down the transfer lines, and 6!L vaporized as a result of

other factors such as cooldown of the pressurization gas and flashing (which

was probably the most si~nificant loss).

AUTOMATIC REFUELING SYSTEM CONCEPT

On the basis of the design considerations discussed earlier and the operat-

ing experience available, and for reasons of safety, operator training

requirements, operating convenience, and minimization ot’LH2 losses, a fully

integrated 1.H2automatic refueling system (ARS) concept was developed.
19

The ARS design eliminated a separate refueling station (such as the DRS) and

incorporated transfer controls as part of the LH2 storage tank. The

transfer system was integrated further by de- signing the VLHD so that the

appropriate valves and instrumentation required

functionally as a [art of the refueling system,

The ARS concept that was develcped involved

in the VLHD could be used

thus simplifying the system.

the following major subs’’$tems: ,.

●

o

●

●

o

0

●

●

o

●

bulk LH2 storage;

Lti2transfer;

facility LH2 resupply;

GH2 storage;

hydrogen recovery;

hydrogen disposal;

purge-gas storage”’(hitroqen or helium, or both);

transfer system purge or evacuation;

facility master-control; and

refuellng-port control (far uach refueling port).

-1o-



LH2

fer

The bulk LH. s~orage subsystem could be one or more ‘ewars for bulkL

storage and from which Lti2is transferred to a VLHD. The 1H2 trans-

subsystan would comprise those compo~ents necessary to transfer liquid

from a BLHSD to a VLHD and a flc meter tG measure the quant{ty transferred.

The facility LH2 supply subsystem would resupply the BLHSII from mobile LH7

tankers, or other sources, as needeti. lle GH2 storage subsystem wotild sup-

ply GH2 for purging and pressurization requirements.

A substantial quantity of :!-!2would be akailable from such processes as

transfer line cooldown. Subject t~ ecor?om!c considerations, this relatively

pure GH2 could be recovered and stored tor use in a var!ety of ways (f~r

exampie, fur purge a?d >res~urization, or aS a fuel to provide electrical

pcwer, or heat, for the service statinn). The hydrogen could be reliauefied

and returned to the RLHSD if a suitable ?iquefier w~re available.* Hydrogen

that is not relatively pure (contains some nitrrgen or air) could be purified

and recovered ratner than being vent.ecl.

The hydrogen disposal subsystem would safely dispose of all Oydrogen

must Ls vented and would bc capable of handling a wide range of hydrogen

rates tc cope witn both routine aridemergency venting requirements. The

that

vent

purge-

gas storage subsystem would provide a supply of gaseous nitrogen (GN7) and/
L

or helium for meeting purging cnd pressurization requirements. These inert

gases would be used to provide allinert atmosph~re in the system whenever it

wds necessary to open the system or to prevent air and moisture lFOM entering

the system. The quantity of helium id Solllcwhatscarce, p~~~nsive m~t~rial )

used should be minir’lizeclor eliminated cumplctcly, if possible.

.. . .

———..—___

●llw magnetic liquefier under resedrch an,i dc,~lopment at the Los Alamos

Ndtional Labo~.,\torymight meet this need s~tisfactorily. 2C’
.

-11-



Before hydrogen is admitted into the transfer system (or any part of the

,!1.S,any impurities, such as air or nitrogen, must be removed from the system.

Likewise, after any system has had hydrogen in it, the hydrcgen should be re-

moved and replaced with an inert. gas (GN2 for ?xample) before the sYstem is

opened. These requirenentz ;an b~ satisfied with either a pressure/purge pro-

cess or an evacuation process. On the one hand, in purging a container in

which hydrogen is pr~sent, the pressure/purge process involves

of pressurizing the system with an i~ert gas, venting the gas,

these two steps until the concentration of hydroge!, is reriuced

several cycles

and repeating

to an accept-

able level. On the other hand, if one is preparing to admit hydrogen into the

system, the pressure/purge process is similar?~ accomplished with GH2 until

the inert-gas co~centratloll is reduced to an acceptable level. The alterna-

tive evacuation process involves using a vacuum pump to evacuate the system

ar,dthen “breaking the vacuum” by admitting an Inert gas (if the system is

being inerted) or with hydro~en (if tne s)’stem IS being prepared for hydrogen

use!. One disadvantage of the evacuation procesc is that the pressure in the

system is less than the ambient pressure during evacuation and air could be

pulled into the system if a leak exists. Either process callgive an indica-

tion th~t connections, such as baycnets, are or are not properly coni=ected and

are not le3~ing.

The facility master-control subsystcm wwld provide the nece”sa-’ controls.

instrumentation. and alarms to accomplish safely the various necessary

operations and processes anflto indicate any unsafe conditlm that develops.

All the remotely actuated valves in the facility would bc operated by th~

[-acilitymaster-control subsystem, ”whichwould also contain the necessary corl-

trols to op~rate the facility valves in the proper scquecce to accomplish the

vlrious procrsses (for example, evacuation, LH2 transfer, and purging). In

. .

-12-



addition, the facility master-control subsystem would receive cofmnands from

the refueling-port control subsystenl, implement these con’rnai,dsif the facility

is ready, and relay data back to tne refueling-port control subsystem. If

multiple refueling-port control subsystems are involved, the facility master-

control subsystem would keep these integrated properly, the facility systems

s~quenced properly, and prevent an operation from beginninq, or proceeding, if

unsuitable conditions exist, or develop, during the operation. The refueling-

port control subsystem would provide local ?acility controls and displays for

J vehicle refueling operation. A separate refueling-port control box would be

provided for each ARS refueling port in a multiple port system.

Numerous design variations are possible in the ARS design, for example;

pllmptransfer, pressure-differential transfer, separate i~dividual LH2 fill

and retut-filines, single combined :oaxial LH fill and return line, bayonet
2

connections, self-sealing quick-disconnect connections, etc. Some of these

variations are illustrated in the representative AR5 corfiguraticn schematics

given in Figs. 3 through 5 (ot!i~r configurations are describ~d in Ref. ?9);

● an ARS with separat~’ fill aniireturn lines, bayoneL connections,

and ~ ~ressure-di fferential t)’anst’~rsystem is shown in Fig. ?:

● an ARS with separate fill and return lines, quick-disconnect con-

nections, a pressure differential transfer system, and three

separate refueling ports is shown in Fig. :; and

● an ARS with a single combination coaxial LH2 fill and return

line, bayonet connection, and a pressure-differential transfer

system is shown in Fig, 5.

The widespread usc of LH2-~S’& vehiruiar fuel will require a capability

for r~fueling vehicles remote frum refueling stations at fixed sites. ~or

this purpose, iimobile LH2 storaql’and rcfuelfng sy~tcm concept was

-13-



developed.
19 The variations in the design of an ARS, as mentioned above,

also apply to tilemobile unit. The mobile LH2 storage and refueling syStem

could be skid-mounted so that it could be installed on e flat-bed truck or

trailer, and it could he set up in a semipermanent location if desired. The

mobile unit would be corr~letely self-contained. ‘or safety, it may be neces-

sary to remove all LH2 from a VLHD before a vehicle is put into a garage or

SI]OP for an extended period (even overnight if the facility is unattended or

not properly alarmed and ventilated). The mobile unit would provide a conven-

ient method for detanking before, and refueling after, repairs arc made.

A block diagram of how an ARS with two refueling ports might be drranged

is shown in Fig. 6. An example layout of a service station with two BLHSDS is

shown in Fig. 7. In the arrangement shown in Fig, 7 the 13LHSDS are 7.6 m from

a roadway and 22.9 m from a building, in accordance with existing safety

standards.

A typicnl refueling sequence for an operational ARS, as sho~n in Fig. 2,

would proceed according to the following steps:

1. The operator connects the electrical control cable from the refueling-

port control box

ing the “ready” “

facility and the

2. The operatot remf

connects them to

to the mating connector on the vehicle after check-

ight on the box is lit -- indicating that the

port are ready to transfer LH2.

ves the two trdnsfer lines from tl,pirholder and

the ports on the VLHD. The two transfer lines are

fastened together and arranged in such a way that they would be in-

stalled in the proper ports. A snap latcn would hold th~ lines in

place during refll~’linq;anda cover cap would be sn~ppecl over the VLHD

refueling pot .s when the vehic-~e was not being refueled.

3. After selecting the quantity of hydrogen desired the operator presses

the “start” button on the refueling-port control box.. .

-14-



4. The refueling-port control box verifies that the vehicle is ready

(valve VV1 is in the normally-open (NO) position, and valves VV2,

VV3, and VV4 are closed. )

5. The “start” signal and the “vehicle ready” indication are relayed

from the refueling-port control box to the facility master-control

box, where the facility “ready” is verified.

6. The vacuum pumping system is activated, facility valves FV9 and FV1O

are opened, and the fill and return lines are evacuated.

7, If a preset vacuum level (as indicated by FVS2 and F’IS3) is achieved

within the preselected time t-terval (indicating that the connections

at the vehicle are not leaking), valves FV9 and FV1O are closed, the

vacuum pumping system is deactivated, and vehicle valve VV2 is opened,

allowing hydrogen from the VLHllto enter the fill and return lines.

8. Facility valve FV21 is opened and GH2 from the VLHD is recovered

while the VLHD is vented to near atmospheric pressure.

9. Hhen the VLHD pressure is proper [as indicated by the vehicle pressure

sensor (VPS)], facility valve r-b’lopen~ and LH2 flows from the BLHSD

through the facility flow meter (FFM), the fill line, the normally

open path of vehicle valve VVl, the return line, and valve FV21 to

the recov~ry system. As LH2 flows along this path it is initially

vaporized until the path is cooled to about 20 K. Depending on the

flow m~ter type, it may .e necessary to use valve FVi?rather tha,lFV1

dllrinq the cooldown phase.

10. When LH2

valve Vv’

the line

is sensed by the vehic’e liquid sensor (VLS), vehicle

ts actuatecf’andLti2 f ows into the VLHD after coOl down of

from VV1 into the tank

. . .
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11. LH2 continues to flow in this configuration until the desired

amount has been transferred into the VLHD and the “stop” signal is

given manually or autom~tically. GH2 from heat leak, flashi~g,

etc. is recovered throughout the transfei= process.

12. When the “stop” signal is received, vehicle valve VV1 returns to its

normally open position, facility valve FV1 (-loses, and vehicle valve

VV2 closes.

13. At this point, the fill line still contailns some LH2 that must be

removed by some method, such as gravity drain into the return line or

by a GH2 purge by opening facility valve FV19 for a preselected

time.

14. After the LH2 is removed from the fill and return lir?es, the re-

covery valve FV21 is closed and the GH2 is removed from the lines

by activating the vacuum pumping .ystem and opening facility valves

FV9 and FVIO. It may be necessary to purge the vent system by having

FV12 open for a short time before the hydrog~n is pumped from the

system.

15. When a preselected vacuum level is reached (as indicated by ,FVS2and

FVS3), valves FV9 and FV1O are closed and the vacuum system is

deactivated.

16. The fill

facility

lium for

and return lines are ~ressurized with GN2 hy opening

valves FV14 and FV15. The use of nitrogen rather than ho-

thl~ purpose depends upon the temperature and heat capacity

of the metal in the system tindthe gas; it is necessary that the gas

not be solidified or.liquefied in the lines or at cold valves, such

(ISFV1.

.. .
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17.

18.

19.

20.

When a preselected pressure, as ind~cated by the facility pressure

sensors FPS2 and FPS3, is obtained in the fill and vent lines, the

operator is signaled to disconnect the fill and return lines and the

electrical control cable.

The on”;a+or removes the fill and return lines from the vehicle,

snaps the port-cover caps in place, and places the lines in thei~

holaer. While the lines are disconnected from the vehicle, the GN2

purge is continued to prevent air and moisture from entering the cold

lines. When the lines are installed in their holder, the pressure in

the lines (as ind+cated by the facility pressure sensors FPS2 and

FPS3) increases until the preselected value is reached, and then

valves FV14 and F~~15are closed.

The operator removes the electrical control cable from the vehicle

and presses the “refueling completed” button on the refueling-port

control box.

As the transfer system warms, the pressure within the system will in-

crease. Facility valves FV7 and FV8 will be actuated to vent GN2

from the system and maintain the pressure within the preset limits.

Alternatively, relief valves or pressure regulate-s can be used to

maintain the desired pressure.

The ARS would include such other components and subsystems as required ior

other functions, such as LH7 re~upply and detanking of a vehicle or a mobile

Lli2storage unit. The use of a self-sealing quick-disconnect would elimi-

nate several of the above steps, such as the evacuation and purgdnq before and

after each refueling. ?ut such’-a‘quick-disconnect, which must,operate at 2(I

K, is not available. Also, the quick-disconnect adaptor/holder must include

provisions for removal of moisture that would freeze to the surtace of the

...
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disconnect when it is r,lovedfrom the vehicle to the holder after a refueling

operation.

The ARS configurations that were developed are flexible in that their

sizes cap be matched with a particular application; the ARS could be sized for

a large vehicle, such as a truck or bus, or for a small vehicle, such as an

automobile. The primary difference would be in the size of the LH2 fill and

return lines. For example, assume that a car with a 150-L tank and a bus

with a 1500-L tank are to be refilled in a total of 5 rnin from start to

finish. Also, assume that 2 min of this time are used in connecting and

disconnecting the trasfer lines and cables and in the purging and cooldown

processes. Therefore, with 3 min for the liquid transfer, a hydrogen flow

rate of 50k/min for the car and 500L/min for the bus would be required.

These vehicles can probably both be refueled with transfer lines of the same

length, say 3 m. Under these conditions, the inside diameter of the LH2

transfer line would be about 40.6 nnnand 17.0 mn for the 500- and 5G- L/rein

flow rates, respectively. During cooldown at the start of a refueling

operation, the LH2 flow rate will be limited b,ythe GHZ flow through the

fill line. As the cooldown progresse~, the flow restriction passes from the

fill line to the return line. Thus, the return line (both within the VLHD and

the facility) nlustbe adequately sized to avoid an undue restriction on the

uooldown and refueling rate During cool-down, most of the GH2 is produced

as L result of cooling the materials in the transfer lfne, with some lesser

iimount produced as a result of flashing and heat leak. After cool clown is

completed, f-lashing is the major source of the GH2 that must be handled by

the return system, with a lesser-amount resulting from heat leak.

The optimum refueling time ne~ds further study to be established. In some

cases 30 min (or even more! would be satisfactory, while in others, 5 min may

-18-



be ne~essary. In the widespread public use of hydrogen as a fuel, the number

of refueling stations and the number of refueling ports at each would be major

factors to be considered, and only short waiting and refueling times would be

acceptable.

CLOSINGREMARKS

A LH2 refueling (or service) station analogous to today’s gasoline or

diesel servilce station can be built to fill a hydrogen storage tank onboard a

vehicle safely, efficiently, and in a ime comparable to current gasoline or

diesel vehicle refueling time; it can be built using existing technology and

commercially available equipment. However, a number of items still require

either improvement or further development for this application (for example,

an accurate amount-filled measurement for accounting/billing purposes).

A fleet operation is considered to be the most likely entry point for

LH2 Into the ground transportation sector; one reason beirlga limited : .or-

age and refueling system can be set up and controlled by trained personnel,

whereas a LH2 refueling system for the general public would require an ex-

tensive network of LH2 refueling stations with a greater possibility of

operation by personnel with less training. Further, such stations would tend

to be located within more populated areas. IF successful, the operation of

vehicle fleet refueling systems could provide the experience necessar:~ to

expand the use of LH2 as a fuel.

Safety is a c]ncern frequently expressed In connection with the use of

hydrogen (especially LH2) as a fuel. Gasoll~e, the fuel with which hydroq~n

is usually compared; was onc emthesubject of similar concern, as expressed in

the following excerpt from the 1875 Congressional Record:

.. .
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“A new source of power ...called gasoline has been produced by a

Boston engineer. Instead of burning the fuel under a boiler, it is

exploded inside the cylinder of an engine. ..

“The dangers are obvious. Stores of gasoline in ttw bands of

people interested primarily in profit would constitute a fire and

explosive hazard of the first rank. Horseless carriages pr~pelled by

gasoline might attain speeds of 14, or even 20 miles per hour. The

menace to our people of this type hurtling through our streets and

a’nng our roads and poisoning the atmosphere would call for p(’ompt

legislative action even if the military and economic Implications

were not so overwhelming. .. [T]he cost of producing [gasoline] is far

beyond the financial capacity of priv~te industry. .. In addition, the

development of this new power may displace the use of horses, which

would wreck our agriculture. ..”

It is generally recognized (although perhaps many times forgotten) that gaso-

line is hazardous, as illustrated by the following warning taker!from the

Consumer Product Safety Connnission booklet, “Gasoline is made to Explode:”

“There is no safe way to store gasoline. Vapors from gasoline—

stored in the home can be ignited by J flame, a spark, or even a

hidden pilot light. When you

are likely to fill the trunk.

collision or by exposure to f’

result.”

Although this warning is not dire

carry gasoline in your car trunk, vapors

If this vapor is ignited by a

ame or spark, a fatal explosion c~uld

ted at gasoline tanks onboard vel,icles,

these arc by no means completely-safe either--as many as 2000 to 35!)0Ameri-

cans are burned to death every year, according to an estimate by the U.S.

Transportation Department, or 600 to 700 according to an estimate uf the Ford

,...
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Motor Company. Despite the danger, gasoline is routinely handled without re-

luctance or too much concern by most Americans. The transfer of 76P- of

gasoline in a period of 4 min to fill the gasoline tank in the family car in-

volves handling a power equivalent of about 10 MW--yet this is a common event

for people without any special training and they do so at facilities with very

little in the way of safety equipment.

Thus, we have on the one hand a fuel, gasoline, with which we are all

familiar, handle frequently, and perceive to be safe. On the other hand is

hydrogen, a fuel that is relatlvel:: “~miliar except for association with the

hydrogen bomb (a misnomer) and the ourg fire in which 38 lives were lost

--mostly as a result of jumping from wo high or from the diesel fuel fires.

It should be remembered that65 people onboard the Hindenburg surviv~d, and

even more significantly, the hydrogen-filled Graf-Zeppelin made regular and

safe crossings of the Atlantic in passenger service from 1928 until 1937.

The above items are mentioned to illustrate that safety concerns with un-

familiar substances or processes are, in some cases, unfounded, sometimes

b~sed on a lack of knowledge, and are often blown out of proportion to the

risk. In the case of existing fuels, safety problems are sometimes unrecog-

nized or overlooked because of over-familiarity.

Hyt!rogen (both gaseous and liquid) can be safely produced, stored, and

handle~l, as d~monstrated by NASA ~n the space program, by the industrial gas

industry supplying hydrogen routinely, and by the ever-increasing use of hydro-

gen in various commercial and Industrial applications. Hydrogen,

fncludfng L}12, is routinely handled In a manner that is quite similar to

that reqult’ed fn a refueling ~t(rttor. Thus, the LH2 refuelfng station

represents a new application of an established technology and capability.

.. .
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Fig. 1. Ee=tieling operation at the 53ki liqui~-hydrogen supply facility at Los Ala~os.
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